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ABSTRACT 

The inversion model foi the atmosphere ot Titan, first proposed by 
Danielson, Caldweil and Larach, is reviewed. The basic features of the 
model are; a cold surface (80 K), a warm stratosphere (160 K> and a low 
surface pressure (20 mbar). The model is consistent with all existing 
thermal infrared spectrophotometry, but it cannot preclude the existence 
of an t^taque, cloudy, thick atmosphere. The model is strongly supported 
by the recent scattering analysis of Podolak and Giver, which, together 
with the early analysis by Trafton, excludes other gases .ban methane as 
bulk constituents. Radio wavelengths observations, including recent data 
from the Very Laige Array, are discussed. These long wavelength 
observ.'itions may be the only direct means of samplir^ the surface 
environment before an entry probe or flyby. The differences between the 
inversion model and Hunten's mode! must be resolved before detailed 
probe design studies can be performed meaningfully. 


INTRODUCTION 

It has been known for more than three decacJes (Kuiper, 1944) that Titan is unique 
among the well-observed satellites in the Solar System in having a substantial atmo- 
sphere, including at least some CH^. However, for much of the intervening time, this 
datum was ignored by moat of the astronomical community. 

In 1972, there began a revolution in our understanding of this enigmatic satalUte. 
Trafton (1972a) reported the possible detection of Hg on Titan and ali. o ra-evaluated the 
quantitative analysis of the observed CH^ absorption at 1.1 fim, revising upward the 
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estimate of the minimum column abundance of the Titanian atmosphere (Trafton, 1972b). 
Allen and Murdock (1971) had observed an anomalously high brightness temperature at 
12 pm and concluded that the satellite had an atmospheric greenhouse. Morrison et al. 
(1972), influenced by their cwn radiometric observations at 20pm and by the papers 
cited above, proposed a greenhpuse model in which the opacity due to the broad, 
pressure-induced rotational transiticas in at 17pm and 28pm, together with the 
relative transparency of Hg in the 8-l4pm terrestrial atmospheric window, produced the 
observed infrared properties of Titan.- Pollack (1973) presented a detailed greenhouse 
model, which also included the pressure-induced opacity of CH^. He derived a surface 
temperature =^150K, with a minimum surface pressure -=^400 mbar and a minimum 
column abundance ==50 km-atm total of Hg and CH^. 

There was an alternate interpretc cion of the new Titan data, however, 

Danielson et al. (1973) and Caldwell (1977) developed and refined a model atmosphere 
with a surface temperature =«80K, a surface pressure =20 mbar and a column abundance 
of =2 km-atm of CH^. This class of model, with its relatively low surface pressure, 
has become known as the inversion model, because it features a high altitude tempera- 
ture inversion that is capable of reproducing all of the infrared observations of Titan, 

There are other candidate models as well. Hunten (e.g. , 1977) has been a forceful 
advocate for the inclusion of N,, and has pointed out the theoretical difficulties in main- 
taining a substantial Hg component on Titan against its high escape rate. Cess and Owen 
(1973) have included the effects of noble gases on greenhouse models. 

The differences between these models must be resolved if there is to be an 
accurate understanding of the current state of Titan, and if its clues to the larger 
question of the origin and evolution of the outer Solar l^stem are to be exploited. On a 
more practical level, an improved knowledge of the atmosphere is a prerequisite for 
many of the more useful potential spacecraft explorations of Titan. 

It is the purpose of this paper to review the original inversion model, to discuss 
the impact of recent results on the modt >, and to speculate on imminent developm ’ts. 

In the following chapter, Hunten describes the current status of models with high .. 
surface pressures and column densities. 
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THE INVERSON MODEL 


The details of this model have previously h?en given by Danielson al. 
and by Caldwell (1977). This section summarizes those pauers. 

The starting point for the model was the adoption of the smallest column abun- 
dance for the Titanian atmosphere that was consistent v.ith observations. From the work 
of Trafton (1972b), that was 2 km-atm CH^, with no other major molecular constituent. 
The motivation for choosing this extreme value was criginallr to counterbalance tiie 
then-prevailing trend among planetary scientists to favor the largest tenab’e column 
abundance. However, as will be discussed below, this choice is further justified by 
considerations of CH^ \apor pressure and of the global "adia^ion budget. 

The 2 km-atm abundance was d .ermined by Trafton from h*s analysis of the 

3i/_ band of CH. at 1.1 jim. Podolak and his colleagues have shown tlutt it caa be 
3 4 

reconciled with the visible and near infrared absorption bands of CH^ in the spectrum 
of Titan. This w'ork will be summarized in the next section. However, toward skortor 
wavelengths, the reflectivity of Titan is not determined by CH^ alone. 

From 6000 A down to 2600 A, the reflectivity' decreases monoicr.ically. The 
shortest wavelength point, determined from broadband photometry b\' OAO-2 
(Caldwell, 1975), corresponds to a geometric albedo of 0.033 for a rad-.us of 2900 km 
Caldwell (1974) has emphasized that such a low' value is inconsistent '.ith Rayleigh 
scattering even from the minimal 2 km-atm of CH^- Models with higher abundances 
have greater disagreement with the observations. 

The low' ultraviolet albedo requires the nresenje of an absorbing soecies high in 
the atmosphere of Titan. The Rayleigh scattering consvraint means that tterr can be at 
most a clear layer of -0. 1 km-atm column abundance above the abscroer if ;t is 
completely black at 2600 A, 

No molecule has been identified with the spectral characteristics necessary to 
reproduce the variation in reflectivity exhibited by Titan. Howver, laboratory simula- 
tions of Titan-like atmosjAeres exposed to natural energy sources such as far ultra- 
violet light generally produce a dark reddish-brown polymer (e.g. . Khare and Sagan, 
1973) that has the qualitative properties to e.xplain the trend of Titan’s ultraviolet to 
visual albedo curve. In this process, CH^ is decomposed, and the fragments recombine 
to form the large colored particles. Such particles will henceforth be called "dust" to 
differentiate them from possible condensatic products. 
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The oiigiiwil in'*efsioD mode- <vas based on an assumption that sach a pitx^s 
actually occurs oo Titan. Although the d^taile on Titan are not Ail!y enoerstood. as 
will be discussed below, lite short ^^velei'gtti absorption is definite. It is tnerefore 
certaia that a s^iflcant fractioc of the iKHi-ieflected Solar radiation incident upon 
Titac ie absorbed high in the atciosphers> and not at the surfitce. 

Ac object at Titan's distance from the Sun wh>ch has a high thermal emissivity 
^11 acquire an eqailihc'uin temperature of the order of 10«'»K. Tb«- actual value will 
depend on ibe objee<''s aU>edo. If the obJC^ does not have a high thermal emtssivit> at 
the wavelength of peak emission (=x/}0|on for 100 K) Ute temperubire will rise until flie 
integral over all wavelengths ot the emissCvity multiplied by the Planck hincticm equals 
the absorbed energy. 

Titee's upper atmosphere has in fact reached an equilibrium temperature w^ll 
above IOC K. The ^dence icr difs ip foi^nd in the middle infrared spectrophotometry 
of Gillett et oL (1973) and Gillett (1975). These data shew a brightress temperature 
of ^160 Kin tlv' fuodanie’'.al i^and cf €H^ at 3pm. Since this band is veiy strong, it 

is optically thick at very high altitudes, and this brightness temperature must be very 
Close to the actual physical temperature there. 

At lower altitudes, there must be an ofaque. colifer level because, without an 
internal energy source, there is not en<agh incoming radiat;t eceigy to maintain the 
otttar skin of tiie satellite at this elevated temperature against radiation to space. 

Hence, Titan has a temperature inversion, witn warmei la\srs overlying cooler ones. 

It is possible that an atmospheric greenhouse effect could niai.itain warmer 
layers below tho cold, opaque level. Hiis conjectare cannot be d>sproven now. The 
simplest model, advocated here, is that the opaque layer is in fact the physical surface. 

It is postulated in the inve.'sicn mcdel that the surface ic CH^ ice and that the 
atmosphere Is in vapoi pressur*^ equilibriuir with the surface. This fixes tlie surface 
temperature at ^0 K, because this value, combined with the CH^ saturated vapor 
pressure (20 mbar) gives the correct column abundance (2 km-atm). As discussed by 
Danielson et aL (1973), this temperature also leads to a rc.-asonably accurately balanced 
global radiation budget for the model atmosphere and surface. 

The inversion model has been successful in explaining the infrared emission of 
Titan. Figure 1 shows the 8~14pm region, with the model compared to Gillett’ s 
(197.5) data. 

The emission peaks centered at 7.7pm, 12.2pm and 13.7pm in the model are due 
respectively to CH^, CgHg (ethane) and (acetylene). Ctl^D and ha^:? not 
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been included in the model. Between the peaks, the tmtsslon is due to tte 
(ultraviolet-absorbing) dust. This effect ;s more evident ir» tiie ne.xt figure. The 
surface in the model is too cold to influence the c-niissicn shown in Figure 1. 

Figure 2 shews tile computed emission out to 40 um. Ine dust has beeii taken to 
have a temnerature of .'60K, with an emissivitv’ proportional to ' /X. This i? a simpli- 
fying approximation, oonsistert with an index of refraction that is cor.3tant with 
wavelength. 

The surface is mcdelled as a black body with unit en<issi\ity at 7SK. k.This value 
will be discussed presently.) In the model, most of the radiation at 20pm is due to the 
dust: and beyond 40 pm, 'most is due to the surface. 

The parameters of any model fitted to reflected and emitted l«ght from a pUuiet 
are sensitive to the radius. A flux is the measured datum, but the radi:::s is required 
for computing the physically meaningful quantities, brightness and albedo. In I'efinipg 
the ordinal inversion inodel, Caldwell (1977) used the occultafion radius of 2900 km 
measured by Ellioi et al. (1975) for the effective radiating layer and the effective reflect- 
ing layer of the atmosphere. The surface radius is unknown, but for a specitic value 
of the surface radius, a definite surface temperature can be orticulated that ‘jalances 
the absorbed and emitted radiation. With the vapor- pressure equilibrium envisaged in 
the model, this also determines the surface pressure and column abundance. 

CaldwtJll (1977) chose a baseline model with a surface radios of 270U km, leading to a 
surface temperature of 78 K, surface pressure of 16 mbar and column abundance of 
1. '3 km-atm. The amount by which these values change as a function of surface radius 
is summarized in Figure 3. 

In thv* Inversion model as described above, there ai'e no clouds of condensate 
particles. This is not unreasonable, even ihough the entire surface is postulated to be 
in vapor pressure equilibrium with the atmosnhere, because the high altitude heating 
may be sufficient to cause a positive temperature lapse rate everywhere. Sr'ch an 
atmosphere would be extremely stable against vertical convection. 

If the radiative interchai^e between surface and atmosphere is such that a 
condensation cloud forms at low altitudes, the basic features of the m^del would not 
change greatly. The situation where a major coii.stituent of an atmosphere is condens- 
able has been discussed bv Lewis and Prinn (1973) and Hunten (1977). 

Because of the postulated vapor pressure equilibrium, the atmosphere will act 
as an effective thermostat, to keep the surface everywhere isothermal at the tempera- 
ture determined by the global average visible transmission of the atmosphere and by 
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the downward infrared atmospheric emissicm. Any local regicm that found itself 
departit^ from the mean temperature in either sense would attempt to adjust its local 
vapor pressure by increased condensation or sublimation. Because of the sharp varia- 
tion of CH^ vapor pressure with temperature, winds wtaild arise to restore an isobaric 
surface c<mdition. The substantial latent heat of phase change of CH^ would oppose the 
hsrpothetical temperature differential, and the local transient winds would continue until 
the differential disappeared. 

In particular, Danielson et dL (1973) have shown that the atmosfdiere won't 
condense at the winter pole of Titan, because that pole never cools down. Assuming 
that the obliquity of TUan is the same as Saturn's, they calculated that about 5 percent 
of tfie atmosdiere would condense on the winter polar during that season, without 
changing the surface temperature. This must be replenished by sublimation in the 
other hemisphere. Hie operative criterion in this calculation is that the surface cannot 
dissipate the latent heat of condensation faster than a blackbody at 80 K can radiate to 
space. 

The assumption concerning the obliquity of Titan is not critical. For any 
geimral orientatiem of Titan's polar axis, precession will alter Titan's seascmal year, 
but most prdbably not enough to matter. 
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If the obliquity assumption is even approximately correct, then each Titan pole 
at its summer solstice will experience ihe largest diurnally-averaged solar flux of any 
point on the surface. Thus there are probably no absolute sinks of CH^ on Titan. At 
some point during a Titan year, all locations will sublime some CH^. However, on an 
annual average, the poles receive less flux than the eqaator, so there will be a steady, 
cumulative mowment of CH^ from the equator to the poles. 

This situation is clearly statically unstable. Titan will respond by an equator- 
ward flux of CH^ glaciers to maintain its spherical shape. One effect of this motion 
will be to overturn the surface layer continually. Dust particles settling on the surface 
will not pave it over. The surface will not be hermetically sealed from the interior, 
and there will be fresh CH^ exposed to the atmosphere to replenish those molecules 
irreversibly lost to photochemical action. 

An alternate surface scenario, sugigested by R. E. Danielson is that a modest 
greenhouse effect could raise the surface temperature to =*90K, the CH^ triple point. 
This w’ould permit the formation of CH^ oceans. In this case, ocean currents, and not 
glaciers, w'ould recycle the CH^ to the equatorial zone. 

RECENT DEVELOPMENTS RELATED TO THE INVERSION MODEL 
1 .. The Hydi*ogen Abundance. 

Recently, Miinch et al. (1977) observed the (3-0) Si quadrupole line region 
on Titan, and found no evidence for absorption there. They established 
a 3a upper limit corresponding to a column abundance of 1 km-atm. This 
result differs from Trafton’s (1972a) finding of 5 km-atm. It could 
represent an exotic variability on Titan, but the preferred interpretation 
of the author is that it means there is little and possibly no H^ there. 

Miinch et al. (1977) had superior spectral resolution to Trafton (1972a), 
and Trafton required a sophisticated statistical analysis to extract 
information not e\ident in the raw data. 

If true, the new' result of Miinch et al. (1977) does not directly alter the 
inversion model. As Danielson et al. (1973) stated: ’’Although no H 2 is 
required, the presence of seme H^ as reported by Trafton is readily 
accommodated." However, the absence of Hg will provide an obstacle to 
all greenhouse models which require it to provide opacity between 
15#mi and 35 pm. As wall be discussed below, an atmosphere free of Hg 
could have important photochemical implications. Further, it has been 
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a continuing problem (Hunten, 1977) to understand how an appreciable 
steady-state concentration can accumulate on Titan because of its rapid 
loss to space. 

2. The Methane Abundance. 

Trafton (1972b) estimated the CH^ column abundance to be 2 km-Amagat if 
CH^ is the only major constituent of the atmosphere. Lesser abundances 
would haw been allowed if there was another major gas to broaden the 
lines of the band of CH 4 observed by Trafton. 

Lutz etal. (1976) derived a CH^ abundance of 80 m-A, thereby 

implying the presence of ^20 km-A of some other gas, such as or Ne. 

Their result came from laboratory and planetary observations of the 

visible and near infrared overtone and combination bands of CH.. Their 

4 

two kinds of observations were scaled by a simple reflecting layer model 
for Titan's atmosphere. 

However, Podolak and Danielson (1977) and Podolak and Giver (1978) 
have aigued that the reflecting layer model is inadequate to represent all 
the CH^ bands observed on Titan. These bands vary in intrinsic strength 
by several orders of magnitude. Even the strongest of them in Titan 
spectx'a have finite residual central intensity. These papers explain the 
central band reflectivity as being due to backscattered light from the same 
dust particles that cause the previously discussed ultraviolet absorption. 
The change in optical properties from ultraviolet to red is due to the 
assumed variation of the imaginary index of refraction of the dust with 
xvavelength and also due to the modelled particle size distribution. By 
judiciously limiting the permitted particle sizes, Podolak and 
Danielson (1977) find that ultraviolet photons see the particles as large 
compared to wavelengfth, and hence experience strong forward scatterir^, 
whereas red photons see small particles and are isotropically scattered. 
Podolak and Danielson (1977) simultaneously explain most of the CH^ 
spectral features and the continuum variation in albedo with their dust 
model. They require a CH^ column abundance »1 km-atm. 

Podolak and Giver (1978) have modified the model by confining the 
dust to the upper layers of Titan's atmosphere. This is reasonable if 
the dust is formed at high altitudes, grows continuously in size, and 
settles rapidly to the surface after reaching a critical size. This 
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adjustment increases the observed strengths of «<eak bands relative to 
strong ones. They ultimately derive a CH^ abundance of at least 
2 Icm-A. 

When the results of Podolak and Giver (1978) are combined with those 
of Trafton (1972b), the inversion model, with its column abundance of 
2 km-A, is entirely consistent with the methane absorption specti'uir . 

3. Dust. 

One of the interes*^ing claims of Podolak and Danielson (1977) is 
that the continuum reflectivities of both Titan and Saturn from 2500A 
to 10,000 A can be explained by dust particles with the same optical 
properties for both planets. The only changes required are in the total 
amount of the dust and its vertical distribution. While this conclusion 
is not universally accepted (Scattergood and Owen, 1977; see also the 
discussion below), it will be stipulated for the present for the purpose 
of illustrating, if not proving, a point. 

Although Saturn's atmosphere show's pronounced variations in color 
according to season, its equator is usually ver>' dark in the ultraviolet. 
The standard interpretation is that this corresponds to a latitudinally 
restricted concentration of dust {articles. However, photographs taken 
through a narrow'band filter in the strong 8900 A CH^ band show' the 
equatorial region to be relatively brighter than the rest of the planet 
(Owen, 1969). 

Although Owen interpreted his observation as a h^h-altitude CH^ 
condensation cloud at Saturn's equator, more recent models 
(e.g. , Caldwell, 1977b) do not favor this interpretation. The one-way 
optical depth for absorption in this band is probably in the range from 
1 to 3 above the cloud tops. It is more probable that Owen (1969) has 
actually recorded scattered light from high altitude dust particles. 
Unfortunately, it is not now' possible to exhibit such an effect visually for 
Titan, because of the limits of spatial resolution. This alternate 
interpretation of Owen's results supports the concepts of Podolak and 
Danielson (1977) and of Podolak and Giver (1978). 

Laboratory experiments on dust particle formation haw recently 
been {>erformed by Scattergood and Owen (1977). They used high energy 
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proton bombardment of simulated planetary atmospheres to dissociate 
such species as and and then observed the 

resulting particulate formation. Their work was an advance over that of 
Khare and Sagan (1973) because Scattergood and Owen could initiate 
reactions in mixtures excluding the long wavelength photon acceptors 
NHj and H 2 S. Because of experimental difficulties, Khare and Sagan 
required these molecules to absorb light loi^ward of 3000 A before they 
could initiate any reactions. Chang (this volume) has fiiither discussed 
the relevance of high energy. 

Scattergood's and Owen's result indicate that particles suitably 
colored to reproduce observed planetary reflectivities from visual to 
ultraviolet wavelengths do not form unless such species as N 2 , 
or H 2 S are present. Specifically, they claim that simple mixtures of 
H 2 and CH^ do not produce particles with the required coloration. 

The inversion model can readily accommodate minor amounts of most 
of these gases without changing the basic features of the model. However, 
they could not be major species, or the simultaneous satisfaction of the 
limits imposed by Trafton (1972b) and by Podolak and Giver (1978) would 
be impossible. N 2 has a high vapor pressure, and could be the remnant 
from primordial NH^ previously photodissociated. H 2 S also has a higher 
vapor pressure than NH^, and is not excluded by any spectroscopic 
observations. It could conceivably have a source in the interior of Titan. 

IMMINENT DEVELOPMENTS IN TITAN STUDIES 
1. Ultraviolet Spectroscopy. 

Chi January 26, 1978, the International Ultraviolet Explorer was launched 
successfully. This satellite will extend the wavelength range and the 
resolution significantly beyond the capabilities of OAO-2 (Caldwell, 1974, 
1975). The possible detection of Rayleigh scattering below 2600 A and of 
spectral signatures of specific molecules could lead to model 
constraints too various to outline here. Titan is a high priority target 
for the lUE, so significant results may be expected soon. 
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2. Radio Wavelength Observations. 

At millimeter and centimeter wavelengths, it is a fair prospect that 
Titan’s atmosphere will be transparent. Measurements there offer the 
possibility of sampling the surface unambiguously and of differentiating 
between candidate molecules. A major problem has been that diffraction 
makes the detection of a relatively weak signal from Titan difficult in the 
presence of the very strong concision from Saturn itself. 

Existing and future radio observations are summarized in Table 1. 
Briggs (1974) used the NRAO Interferometer at Greenbank with three 
baselines of 0. 5, 1.9, and 2.4 km, observii^ at 3.7 cm for 19 hours. 
Scaling his result to the baseline surface radius of 2700 km (Caldwell, 
1977a) gives a brightness temperature of 99 ±34K. This result supports 
the inversion model. The limiting factor in Briggs’ work is signal to 
noise. 


Table 1. Radio Observations of Titan 


Reference 

Instrument 

Wavelength 

T * 
B 

Limitations 

Briggs (1974) 

NRAO Interometer 
(Greenbank) 

3.7 cm 

99 ± 34 

Signal to Noise, 
confusion wdth 
Saturn 

Conklin 
etal. (1977) 


3.3 mm 

213 ± 38 

Confusion with 
Saturn 

Jaffe 

etal. (1978) 

VLA 

1.3, 2, 6 cm 

90 ± 30 

Signal to Noise 

— 

Bonn 100 m dish 

1.3 cm 

— 

No Data Yet 

* Assumed surface radius = 2700 km 





Conklin et al. (1977) used the 36-foot millimeter dish at NRAO 
Tucson in the photometer mode. They made two observations three months 
apart. Saturn w^s out of the primary beam, but currently unmeasured side 
lobes can generate 200% systematic errors from such a close, bright object. 
Conklin etal. were careful to measure the background after Titan had moved 
away, but they cannot rule out temporal changes in the side lobes. The 
measurements were in two broad bandpasses near 3.3 mm, with the 
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resulting brightness temperature of 2lS 38K for a surface radius of 
2700 km. 

If their measurement represents the surface temperatures, as 
Conklin et aL (1977) conclude, then the inversion model would need a major 
revision, along the lines suggested by Figure 20.2 of Himten (1977), or 
Hunten's article in this volume. 

The disagreement between the two published observations could be real 
because they are at different wavelengths, but the requisite atmospheric 
opacity to produce such numbers seems unphysical. Further observations 
were clearly needed. Recently, Jaffe et al. (1978) used the Very Large Array 
interferometer at Socorro, New Mexico to remeasure Titan at 1. 3, 2 and 
6 cm. The total observing time was 35 hours on three nights, including 
simultaneous observations at different wavelengths on one night. From 
night to night, between 4 and 8 dishes were available, with baselines up 
to 10 km. Ultimately, 27 dishes with baselines up to 35 km will be 
operable. Currently, signal to noise limits the data, but since this 
improves as the square of the number of working dishes, this problem will 
eventually diminish greatly. Confusion with Saturn is of relatively low 
importance. In fact, the instrument will eventually be capable of measuring 
the radius of the surface of Titan. 

Preliminary analysis of VLA observations at 6 cm indicates a nominal 
brightness temperature of 90 K ± 30K(lo) for a surface radius of 2700 km, 
with an upper limit of 180 K (3<r). This is in good agreement with Briggs 
(1974) but disagrees with Conklin et al. (1977). Further analysis, to reduce 
the remaining uncertainty, is underway. 

Finally, it is noted in Table 1 that the 100 meter dish in Bonn will also 
be capable of making useful measurements for Titan, but such measurements 
have not yet been done. 

SUMMARY AND PROSPECT 

Pending a clarification of the radio brightness measurements outlined immediately 
above, the inversion model for Titan, as proposed by Danielson et al. (1973) and modified 
by Caldwell (1977a), remains completely viable. Baseline parameters of the model 
are: surface temperature = 78 K; coliunn abundance of CH^ =1.6 km-atm; surface 
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pressure = 16 mbar. Engineering studies for Titan probe missions must consider 
these numbers. 

It is probable that Titan is a highly evolved planet. It is different from the 
Jovian planets in that significant quantities of its atmosphere can escape over the life 
of the solar system. It also lacks a means of thermally recycling atmospheric dust 
particles to fully reduced compounds in its interior. It is reasonable to expect that the 
current wide range of Titan atmospheric models will soon be narrowed greatly. When 
this preliminary phase is complete, future studies should address the task of 
unravelling Titan's evolutionary history. Direct exploration by space vehicles seems to 
be the only means available for doing this. 
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